Cu-based shape memory alloys (SMA) are promising regarding structural and functional applications because of their good shape memory properties with comparatively low cost. By using rapid solidification methods, their microstructure is refined and detrimental segregations can be avoided, which results in better mechanical properties. A rapid solidification method is the selective laser melting (SLM) , through which powder is used to build parts with complex geometries layer by layer, while maintaining a non-equilibrium microstructure. The viability to produce Cu-based SMA parts by an innovative route that combines powder atomization and SLM is evaluated here. For this, 5 kg of Cu-11.85Al-3.2Ni-3Mn (wt%) shape memory alloy has been atomized with nitrogen gas at pressures of 0.5 MPa and a gas/metal mass ratio of 1.93. The powder, with size range from 32 to 106 microns, was used to produce rods by SLM. For the consolidated form, the correlation between phase formation, microstructure and thermal stability was investigated. A single monoclinic martensitic phase was formed in the samples, with grain size ranging between 10 to 100 µm. During heating, this phase undergoes a reversible transformation to a cubic phase around 104°C. No cracks were formed and a relative density of 97 % was achieved.
Introduction
Shape memory alloys (SMAs) are a class of material that undergoes a reversible shape change after a plastic deformation. The recovery of the original shape is possible due to a structural transformation upon heating to a critical temperature. The shape memory effect is related to a martensitic-austenitic transformation from a phase with a low symmetry (martensite) to a hightemperature phase (parent phase) [1] . Cu-based shape memory alloys have the advantage of large thermal and electrical conductivities and the system Cu-Al-Ni alloys are quite attractive due to better stabilisation against aging phenomena [2] .
Under rapid solidification the metal keeps the high concentration of defects ( i.e dislocations, vacancies and grain boundaries). As a result, the grain size decreases and the mechanical properties are improved. The start temperature for the austentic-martensitic phase transformation (Ms) is lowered by these defects, which hinder the crystal growth [3, 4] . This fact arises the possibility to manipulate the transformation temperature by choosing different cooling rates at the moment of the solidification of the metal. Distinct cooling rates also promote the formation of different martensites, as already reposted by the systems Cu-Al-Ni [5] and Cu-Al-Mn-Ni alloys [3, 6] . Therefore, the processing conditions are a way to select the formation of precipitated phases as well as the transformation temperatures.
However, a serious problem concerning the applicability of the Cu-Al-Ni alloys is the reduced recoverable strain (almost zero) and its brittle behaviour at room temperature due to intergranular cracking [2] . The two main reasons for this are an abnormally high elastic anisotropy that leads to stress concentrations at the grain boundaries due to elastic and plastic strain incompatibilities between neighbouring grains, particularly when large grains are present [2, 7] .
A significant grain refinement can be obtained using rapid solidification techniques as the selective laser melting (SLM). This method is an additive manufacturing process, which allows for the construction of parts with complex geometries [8] . On the basis of 3D CAD-data almost any desired complex structures can be generated layer by layer. Due to the small size of the melt pool and the mostly high thermal conductivity of the surrounding metal/alloy the molten spots solidify under high intrinsic cooling rates on the order of 10 4 -10 6 K/s [4] . Such high cooling rates reflect in the microstructure and can result in the precipitation of metastable phases (e.g. supersaturated phases) [9, 10] or the suppression of crystalline phases and segregations [8, 11] . Furthermore, the grain size can be refined significantly ranging from a sub-micron-scale up to tens of micrometres [12, 13] . This in turn increases the strength and affects the deformation mechanisms of the material.
SLM is a rather versatile manufacturing process and through a variation of the processing parameters the properties of the tool to be produced as well as the materials properties can be varied. Depending on the laser energy (i.e. laser power, scanning speed, laser spot size and overlap of the laser spot during scanning (hatching)) [14] as well as through the proper design of the structure [15] the density of the final part can be customized to be from 99.9% down to at least 20%. The proper assessment and control of the processing parameters results in high-quality parts. These optimum parameters are usually obtained by a design of experiments with varying laser power, laser-scanning speeds, hatching and the layer thicknesses. These four parameters have the biggest influence on the density and the surface quality, which are the most crucial features. If an optimal parameter set has been found, different variations can be applied to generate different cooling conditions in order to "design" the microstructure (e.g. grain size). The performance of SMA components strongly depends on the microstructure of the SMA employed, i.e. the phases present, their distribution and their respective sizes (grain size) [2] . This can be controlled to a certain extent during selective laser melting and additionally, it offers the advantage of net shape processing even of complex parts.
The present work aims to evaluate an innovative route to produce Cu-based SMA parts, which combines powder atomization and SLM. At a first step, optimum parameters were obtained to produced rods with 3 mm in diameter. Their microstructure, phase formation and thermal stability were then correlated. The alloy selected for this work is the Cu-11.85Al-3.2Ni-3Mn (wt%), which was previously studied by Dutkiewicz et al. [3] .
Materials and Methods
Master ingots with nominal composition Cu-11.85Al-3.2Ni-3Mn (wt%) were prepared in an induction furnace (Inductotherm 50-30 R) using high purity elements (more than 99.5%). These ingots were used to prepare powders by nitrogen gas atomization in a atomization chamber.. The parameters used were: atomization pressure = 0.5 MPa, nozzle diameter = 6 mm, gas-metal ratio = Rods with 3mm in diameter and 10mm in length were produced on a Cu10%Sn substrate by SLM (SLM Solutions GmbH, model SLM 250 HL) under an inert argon atmosphere and using a Laser Nd-YAG. Continuous tracks were fabricated with laser beam power of 260 to 300 W and scanning speed of 100 mm/s to 600 mm/s in order to find the best parameters for the process. For optimization of the density, cubes of 1 cm 3 were produced using the four best combination of power and scanning speed and using two hatchings values: 25 and 50%.
The microstructure was investigated by scanning electron microscopy (SEM) using a Philips XL 30 FEG and a Hitachi Tabletop Microscope TM-1000. The average grain size was measured using a method described by Sutou et al. [16] . Phase identifications were conducted using X-ray diffraction (XRD) on a Rigaku ME210GF2 with Cu-Kα radiation and on a STOE STADI P with Mo-Kα radiation. In order to investigate the martensitic transformation of the different samples differential scanning calorimetry (DSC) was performed using a DSC 7 PerkinElmer.
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Advanced Powder Technology IX Results Fig. 1 shows the powder morphology obtained by gas atomization in the range of 32 to 106 microns used in the SLM process. It is possible to see different morphologies among the powders, i.e. spherical and non-spherical shapes. For the larger powders, more irregular shape is observed due to the slower cooling rate, which is inversely proportional of the size of the powders. Thus, the larger the powder, the greater is the fraction of non-spherical shapes. It is worth notice that particles with larger sizes complete the solidification only when their movement is interrupted by the atomization chamber, which modifies their shapes from spherical to more ellipsoidal. Although the micrographs show the ranges of the powders separately, they were used together in the further processing. The XRD patterns of the powders in Fig. 2 In order to set the best parameters for the SLM process single track experiments were performed. Different continuos tracks were produced (Fig. 3) varying the laser beam power (P) between 260 and 300 W and the laser scanning speed (v) between 100 and 600 mm/s . Higher power and lower scanning speeds results in larger tracks as is expected since it increases the input energy (= P/v). Based in the quality of the tracks produced (continuous and with similar size along the track, Fig. 3 ), four set of parameters were selected: 270 W and 100 mm/s, 280 W and 200 mm/s, 300 W and 500 mm/s, 290 W and 600mm/s. Subsequently for optimization of the density, cubes of 1 cm 3 were fabricated using the four best combination of power and scanning speed and two different hatchings (overlapping of two adjacent tracks): 25 and 50%. The best densification of the sample, achieving 7.205 g/cm 3 , was obtained using the combination of scanning speed/power/hatching of 500 mm/s, 300 W and 50%, respectively. Using these optimized parameters, rods with 3mm diameter and 10mm length were produced by SLM as presented in Fig.  3 b) . SEM micrographs (Fig. 4) show that the grains are elongated in the direction of the heat flow dissipation and a great variety of the grain sizes was obtained. The average size of the grains is 28 µm for the cross section and 36 µm for the longitudinal section. Despite the heterogeneity of the grain sizes it is worth notice that a refined microstructure was obtained, due to the rapid solidification imposed by the process. The porosity level was around 2% in the cross section area of the samples. A mixture of spherical and non-spherical powders was used in this work. However, more spherical powders with smaller sizes might promote a better consolidation of the particles, resulting in denser bulks. 5 shows the XRD of the rods at room temperature. They are formed by the same phase observed in the powders: β' martensite. Fig. 6 and Table 1 show the DSC results for the rods during the first and the second heating-cooling cycle. It was found a martensitic-austenitic start transformation temperature (As) around 10±2 o C in the second cycle; the same value was obtained for the reverse start transformation temperature (Ms) ( Table 1) . A typical thermal hysteresis (AfMs) of 13 o C was found (Table 1) . It was observed that the transformation temperature differences between the first and the second cycle is insignificant, in contrast with the observed for other rapid solidification samples [18] . It means that the rod produced by SLM does not retain residual stresses arising from the rapid solidification. This is explained based in the constant heat supplied to the 
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Advanced Powder Technology IX sample during processing since the rod is produced layer by layer, which keeps the sample always warm enough to avoid strong thermal gradients during the building process. For the same alloy composition, Dutkiewicz et al. [3] produced samples by casting and hot rolling and obtained grain sizes around 200 µm and Ms around 106 o C. It evidences that the SLM process is suitable to produce a refined microstructure.
Conclusion
• The results obtained indicate that the combination of gas atomization and selective laser melting is a promising route to produce parts of the alloy Cu-11.85Al-3.2Ni-3Mn (wt.%).
• A microstructure consisting of the β' martensitic was obtained with a relatively small grain size (around 32 µm).
• The martensitic-austenitic start transformation temperature (As) was measured to be 104±2 o C • The rod produced by SLM has a relative density of 97.5%..
